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ATP  adenosine 5’-triphosphate 
bp base pair 
ssDNA single-stranded deoxyribonucleic acid 
dsDNA double-stranded deoxyribonucleic acid 
EDTA ethylenediaminetetraacetic acid 
HEPES 2-[4-(2-Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid 
IPTG isopropyl 1-thio-β-D-galactopyranoside 
jm joint molecule 
nc nicked circular dsDNA 
Ni-NTA nickel-nitrilotriacetic acid 
OD optical density 
pH  hydrogen ion concentration index 
SDS sodium dodecyl sulfate 
SDS-PAGE  SDS-polyacrylamide gel electrophoresis 
Tris Tris hydroxymethyl aminomethane 
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??????????????????????????????????????
??????????????????????????????????????
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? DNA ??????????????????????????????????
?????(1,2,3)??? 2 ???????????????????????? DNA
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??????????????????????????????????????
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? S??????????????(4,5,6)? 
??????????????????????????????????
(? 1)????????? DNA ????????????????????????
???????3’???????? DNA ?????(7)?????????????
??????? DNA ??????(?????)???????? DNA ???? DNA
???????????(???????)???????? DNA ?????????
???????? DNA ????????(???????)?????? DNA ???
?????????????? DNA ?????? DNA ??? 3’?????????
?????DNA?????????DNA?????????double Holliday????
????(8)??? Holliday ??????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????? RecA ?????(?? RecA ??)???
??? RadA ?????(?? RadA ??)??????? RAD51 ?????(??
RAD51 ??)????????????????????(9,10,11,12,13,14)?RecA?
RadA ??? RAD51 ??DNA ???????????? DNA ??????????
???????????????????????? DNA ???? DNA ?????
???(15,16,17)?????????????????????????????? 
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??????????????????????????????????????
??????????????????????????????????????
?????????????(18)????????DNA ?????????????
??????????????????????????????????????
????????????? 
 
1-3? RecA?RadA?RAD51?DMC1?????????? 
???????????????????????????????????
???????? RecA ????1965 ?? DNA ????????????????
????????????????? RecA ????????????????(9)?
????1979 ?? RecA ???????????????????(19)?RecA ???
????????? ATP ????????????DNA ?????DNA ??? ATP
????????????????????(15)??????????????RecA
? 1 ?? 6 ?????????????????????????????????
??????(21)?????????????ATP ???????????????
???ATP ?????????? 65?75 ???????????? ATP ?????
95 ???????????????(22,23)?????ATP ????? RecA ????
???? DNA ? B ? DNA ????? 1.5???????????????????
(24)??????? RecA ???????????????????????????
(Nuclear Magnetic Resonance : NMR)??????RecA?????? DNA?????
?????DNA ?????????????????DNA ???????????
?????????(25)?DNA ????????????????????????
???????????? DNA ?????????? DNA ???????????
??????? 
 9
????? RAD51??RecA??????????????????????
??????????????RecA ????? RAD51 ?????? 1 ??????
???????? 20 ~ 30%?????? DNA ?????????????????
????????????????? (25,26)???????????? RAD51 ??
RecA???? ATP???? DNA???????DNA? 1.5???????????
???????? (26,31)???????????????????????????
??????????RecA ??? RAD51 ???????????????????
??????????????? DNA ????????????????????
????????????? 
RecA??? RAD51?????????????? 200??????????
?????????????????????????????????(? 2)??
??????ATP??????(Walker A, Walker B)??DNA??????? 2???
????(Loop1, Loop2)????????????????????? RadA ????
?????RecA?RadA?RAD51 ????????????????RecA ? RAD51
??????? 112 ?????????? C ??????????????????
RAD51 ? RecA ??????? 96 ?????????? N ???????????
RecA? C??????? RAD51? N?????????????????????
????????????????????? 2 ????????????????
??????????????????????????(17,27,28,29)?????
RecA? C ??????? RAD51 ? N??????????? DNA ???????
???????????(30,31)??????????RecA? C??????????
????RAD51???? N?????????????????????? 
RecA ??????????? 1 ??????????DMC1 ???????
?(32)?RAD51 ????????????????????????DMC1 ????
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?????????????????RAD51 ? DMC1 ? 50%??????????
??RAD51 ????????????????????DMC1 ??????????
?? 8 ???????????????????????(33,34)?????????
???????????? RAD51?DMC1??????????? 
 
 
 
 
 
 
 
 
1-4? ?? RAD51????? 
?? RAD51 ??339 ??????????? 36,966 Da ?????????
(17)?RAD51?????????????????????????????? G1?
??? S?G2 ???????????????????(35)???????????
?????????????????????????? RAD51 ?????????
????????(36,37)??????????? DT40 ???? RAD51 ??????
?????????????????(38)???????????? DNA ?????
??????????????????????????????????????
???????????????????????? RAD51???????????
????????????????????????????RAD51 ???????
?? DNA?????DNA???? ATP??????????ATP????????
??????????????????????????(39,40,41)?????ATP ?
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??? RAD51 ????? DNA ? ?B ? DNA ???? 1.5 ???????????
?????????????? RAD51?????????????????????
RAD51????????????????????????? 
RAD51 ??????????RecA ??????????????????
(41)??????????????????????????????? RAD51 ??
????????????????????RAD51 ???????????????
???????????????????????????????p53?BRCA1?
BRCA2?????????????????????????(42,43,44,45)?p53??
????????????????????????????BRCA1 ? BRCA2 ??
???????????????????DNA ?????????????????
?? DNA ???????????????RAD51 ???????????????
???????(???????)???BRCA1 ? BRCA2 ????????????
???????????????????????? RAD51???????????
?????????????(44,45)????BRCA1 ? RAD51 ??????????
???????BRCA2 ? RAD51 ?????????????????RAD51???
??????????????????????????????????????
?????????????????????????????????? 
???????????????RAD51 ???????????????
RAD51 ???????????????????RAD51?????????????
??????????????????????? RAD51 ????????HeLa ?
MCF7 ???????????????2?7 ???? RAD51 ??????????
????(46)?????179 ?????????? 30%? RAD51 ?????????
?????????????? 66?? RAD51 ???????????????
(47,48)????RAD51 ???????????????????????(64)???
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????????????????? 1 ?????????RAD51 ????????
??????????????????????????????????????
??????? 
??????????????????????????????????
RAD51? 315???????(?? Y??) (?? RAD51-Y315??)??c-ABL???
??(?? c-ABL??)????????????????????(49)???????
??????9 ?????? c-ABL ??????????? 22 ?????? BCR ?
?????(???????????)??BCR/ABL ?????????(50)???
BCR/ABL ???????(?? BCR/ABL ??)?????????????????
????????????????????????????(51)????????
????RAD51-Y315 ? BCR/ABL ??????????????????????
??(52)????????DNA ????????????????????????
???????????????? RAD51-Y315 ????????????????
???????????????????????????? RAD51-Y315? RAD51
???????????????????????????????RAD51-Y315 ?
??????RAD51???????????????????(53,54)? 
 
1-5? ?? RAD51????? 
??????? RAD51 ????????????????????????
????? RAD51 ??????????????????????????????
?????????????????????????????????????
RAD51????????????????(Single Nucleotide Polymorphism ; ?? SNP
??)?????????????????????????????????
(55,56,57)??????????????? SNP????????? RAD51-R150Q ?
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??? RAD51-K313Q ????????(? 3)?RAD51-R150Q ??????????
??? bilateral breast cancer ??????(2 ?)????????????????
RAD51 ? 150 ???????????????(?? R ??? Arg ??)??????
?(?? Q ??? Gln ??)????????(58)??????????? RAD51 ??
??????????????????????????????????????
?????????????????????????? BRCA1 ??? BRCA2 ??
????????????RAD51-K313Q ??RAD51 ? 313 ???????????
??(?? K??? Lys??)?????????????????????(59)???
????????????? RAD51 ? 313 ????????????? K ????
?????????RAD51-K313Q???????????????????????
???????????????????????? 
 
 
 
 
 
 
 
1-6? ??????? 
???????????????????????????????????
??????????????????????????????????????
??? RAD51 ????????????????????????????????
??????? RAD51? 2???????(RAD51-R150Q, RAD51-Q313K)?????
?????????????????RAD51 ??????????????????
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??????????????????RAD51 ?????????????????
???????????????????????????????????????
RAD51 ???????????????????????????????????
RAD51 ???????????RAD51 ????????????????????
????????? 
 
1-6-1? ?? RAD51???????? 
??????bilatelal breast cancer?????????? RAD51??????
?? RAD51-R150Q ? bilatelal breast cancer ???????????????RAD51-
R150Q????????????????? 2?????????????RAD51?
????????????????????RAD51-R150Q ?????? bilateral 
breast cancer ??????????????????????RAD51-R150Q ????
???????????????????? RAD51-R150Q? DNA?????ATP?
??????????????????????????????????????
???????????RAD51-R150Q ?????? bilatelal breast cancer ?????
???????? 
????? 1 ?? RAD51 ???????? RAD51-K313Q ????????
??????????????????????????RAD51-K313Q??????
?????????????????? RAD51-K313Q? DNA??????????
????????????????????????????RAD51 ???????
???????????????313 ???????????????? monomer-
monomer interface ?????????????313 ????????? RAD51 ???
??????????????????????????3 ??????(RAD51-
K313R, RAD51-K313E, RAD51-K313M)?????????????????????
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???(R:?????, E:??????, M:?????)??????????????
??????RAD51 ??????? 313 ????????????????????
??????RAD51-K313Q ?????????????313 ??? RAD51 ????
???????????????? 
 
1-6-2? ????????? RAD51????? 
??????????? RAD51 ???????????????????
RAD51 ???????????????????????????????????
???RAD51 ? RAD51 ???????????????????????????
???????????RAD51 ???????????RAD51 ?????????
?????????????????????????????????185 ???
??????????????????????????????????????
???????????????RAD51 ????????????????????
?????????? RAD51 ? DNA ?????ATP ???????????????
????????????????????????????????????
RAD51???????????? 
 
? 1???????? RAD51? RAD51???????????????????????????????? 
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? 2?? ?? RAD51???????? 
2-1? ?? 
RAD51 ????????????????????????????????
RAD51 ? SNP ?????????????????RAD51 ??????????
SNP ????RAD51-R150Q ??? RAD51-Q313K ?????????RAD51-R150Q
??bilateral breast cancer?????????? RAD51???????????????
??????????????????????????????bilateral breast 
cancer ?????????????????bilateral breast cancer ?????????
?????????RAD51-K313Q???????????????????????
?????????????????? RAD51??????????????????
??? RAD51-R150Q ??? RAD51-Q313K ??????????????????
????????????????? RAD51 ?????? RAD51 ????????
??????????????????????????????? 
 
2-2? ????? 
2-2-1 ? RAD51-R150Q, RAD51-K313Q, RAD51-K313R, RAD51-K313E ???
RAD51-K313M?????? 
RAD51-R150Q?RAD51-K313Q?RAD51-K313R?RAD51-K313E ??? RAD51-
K313M?????Quik-Change XL site-Directed Mutagenesis kit (STRATAGENE)????
?????PCR??????????????(sigma)???????????? DNA
???hexahistidine-tag(?? His6 ??)? N ???????? RAD51 ???????
(pET15b-RAD51)????? 
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RAD51-R150Q  
forward primer 5’- ACCCGTATCTGCCGTATCTACGACTCTCC -3’  
reverse primer 5’- GGAGAGTCGTAGATACGGCAGATACGGGT -3’ 
 
RAD51-K313Q 
forward primer 5’-ACCCGTATCTGCAAAATCTACGACTCTCCC-3’ 
reverse primer 5’-GGGAGAGTCGTAGATTTTGCAGATACGGGT-3’ 
 
RAD51-K313R 
forward primer 5’-ACCCGTATCTGCCGTATCTACGACTCTCC-3’ 
reverse primer 5’-GGAGAGTCGTAGATACGGCAGATACGGGT-3’ 
 
RAD51-K313E 
forward primer 5’-ACCCGTATCTGCGAAATCTACGACTCTCC-3’ 
reverse primer 5’-GGAGAGTCGTAGATTTCGCAGATACGGGT-3’ 
 
RAD51-K313M 
forward primer 5’-ACCCGTATCTGCATGATCTACGACTCTCC-3’ 
reverse primer 5’-GGAGAGTCGTAGATCATGCAGATACGGGT-3’ 
 
2-2-2? RAD51-R150Q, RAD51-K313Q, RAD51-K313R, RAD51-K313E ??? RAD51-
K313M???????? 
RAD51-R150Q ? RAD51-K313Q? RAD51-K313R? RAD51-K313E ? ? ?
RAD51-K313M?????????(60)??????????????????? 
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?? 
RAD51 ??? RAD51 ??????????????? pET15b ??????
???(pET-15b-RAD51, pET15b-RAD51-R150Q, pET15b-RAD51-K313Q, pET15b-RAD51-
K313R, pET15b-RAD51-K313E, pET15b-RAD51-K313M)?????  JM109(DE3)codon 
plus-RIL?STRAGENE????????????????????????????
100 µg/ml ??????????35 µg /ml ??????????????? LB?? 
5 L ? ????30 ?? OD600= 0.4 ??????????????IPTG(isopropyl-β-
D-thiogalactopyranoside)????? 1 mM?????????30 ????????? 
 
Ni-NTA ????? ???????????? 
?????????????A [50 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 5 mM 
imidazole, 5 mM 2-mercaptoethanol, 10% glycerol] 40 ml???????????????
?????????????? 27,216?g, 4 ?, 20??????????????? 5 
ml ? Ni-NTA ????????(QIAGEN)?????4 ?? 1 ??????????
??????Ni-NTA ???????????????(Bio-Rad)?????250 ml ?
?????B [50 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 60 mM imidazole, 5 mM 2-
mercaptoethanol, 10% glycerol] ????????60?500 mM imidazole???????
???? Ni-NTA ?????????? His6 ???? RAD51(?? His-RAD51 ??)
??????His-RAD51 ?????????????? 1 mg ??? 1 ?????
thrombin protease(GE Healthcare Bio-science)????4 L??????C [50 mM Tris-HCl 
(pH 8.0), 0.2 M KCl, 0.25 mM EDTA, 2 mM 2-mercaptoethanol, 10% glycerol] ??????
??????????His6??? RAD51??????? 
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???????? 
His6?????? 15% SDS-PAGE??????????RAD51? 2 L???
???D [100 mM Tris-acetate (pH 7.5), 7 mM spermidine-HCl, 5% glycerol] ??????
??????????? 10,000?g, 4 ?, 10??????????????????E 
[100 mM potassium phosphate (pH 7.0), 150 mM NaCl, 1 mM EDTA, 2 mM 2-
mercaptoethanol, 10% glycerol] ????????? 
 
MonoQ???????????? 
???? RAD51 ?????????C ?????? Mono Q(GE Healthcare 
Bio-science)?????????????F [50 mM Tris-HCl (pH 8.0), 0.6 M KCl, 0.25 mM 
EDTA, 2 mM 2-mercaptoethanol, 10% glycerol] ??? RAD51????????????
4 L??????G [20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 0.1 mM EDTA, 2 mM 2-
mercaptoethanol, 10% glycerol] ????????-80 ???????  
 
2-2-3? ?? RPA???????? 
?? RPA ?????(?? RPA)?????????(61)??????????
?????????????????????? DNA(p11d-tRPA)? Dr.Marc Wold ?
??????????????? DNA???? RPA????????? 70?32??
? 14 kDa??????????????????????????????????
???????? RPA 3?????????????? 
 
?? 
p11d-tRPA????? BL21(DE3)codon plus-RIL(STRAGENE)?????????
100 µg /ml ??????????35 µg /ml ??????????????? LB?? 
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2.5 L(?4)??????????????????????? 37 ?????????
?????????? OD600= 0.4?????????IPTG????? 0.4 mM???
??????? 37 ?? 2??????? 
 
Affi-Gel blue???????????? 
??????? 50 ml??????G [30 mM HEPES-NaOH (pH 7.8), 1 mM DTT, 
0.25 mM EDTA, 0.25% inositol, 0.01% NP-40] ???????????????????
???27,216?g, 20 ??????????????????G ?????? Affi-Gel 
blue (Bio-Rad)???????????? 50 mM KCl (100 ml), 0.8 M KCl  (100 ml), 0.5 
M NaSCN (150 ml)????????????G??????????1.5 M NaSCN (80 
ml)????????G ???????????????RPA ??????????4 
L??????H [25 mM Tris-HCl (pH 7.5), 50 mM KCl, 1 mM DTT, 0.01% Triton X-100, 
10% glycerol] ????????????????????????? 17418?g, 15?
?????????????? 
 
Hydoroxyapatite???????????? 
??????????????????H ?????? Hydoroxyapatite (Bio-
Rad)????????100 ml??????I [20 mM potassium phosphate (pH 7.5), 1 mM 
DTT, 0.01% Triton X-100, 10% glycerol] ????????? 20?300 mM? potassium 
phosphate ????????????????????????RPA ????????
????2 L??????J [25 mM Tris-HCl (pH 7.5), 50 mM KCl, 1 mM DTT, 0.01% 
Triton X-100, 10% glycerol] ??????????? 
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Mono Q ???????????? 
?????J ?????? Mono Q ???????????????????
??10 ml??????J????????50?400 mM KCl???????????
? RPA?????????????2 L??????K [25 mM Tris-HCl (pH 7.5), 50 
mM KCl, 1 mM DTT, 10% glycerol] ????????-80 ???????? 
 
2-2-4? DNA 
??????????ATP ????????????? DNA ??? 
unwinding ?????strand exchange ???????????????X174 ????
DNA (5386 bases) (New England Biolabs)????X174 ??? DNA (5386 bp) (New 
England Biolabs)????? 
 
2-2-5? ???????????? DNA??????? 
RAD51 ???RAD51 ???????20 µM ?X 174 ??DNA??? 10 µM 
?X174???DNA? 10 µl???? [26 mM HEPES-NaOH (pH 7.5), 45 mM NaCl, 0.03 
mM EDTA, 0.6 mM 2-mercaptoethanol, 3% glycerol, 1 mM MgCl2, 1 mM DTT, 1 mM  ATP, 
0.1 mg/ml BSA] ??????37 ?? 10 ????????????????0.8% ?
?????? (SeaKem HGT Agarose (CAMBREX))?????50 V????? 2???
????????0.5 µg/ml?ethidium bromide (??EtBr??)????DNA??????
??????????1?TAE [40 mM Tris-acetate, 1 mM EDTA]????? 
???????? DNA???????? RAD51???? DNA???????
20 µM??X174?? DNA??? PstI?????????? 10 µM??X174???
DNA????? 
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2-2-6? ???????????? ATP????????? 
RAD51???RAD51??????????? [22 mM HEPES-NaOH (pH 7.5), 
15 mM NaCl, 0.01 mM EDTA, 0.2 mM 2-mercaptoethanol, 1% glycerol, 1 mM MgCl2, 1 mM 
DTT, 1 mM ATP, 0.1 mg/ml BSA] ?????????? 1.5 M NaCl?40 µM ?X174?
?DNA? 40 µM ?X 174 ???DNA????? 37 ??10 ????????????
?????? 1 mM ATP???????????????????? 0, 20, 40, 60??
????????? 20 µl?????30 µl? 100 mM EDTA????????????
?????????????? 500 µl????????????  [0.034% (w/v) 
malachite green oxalate, 1.05% (w/v) hexaammonium heptamolybdeate tetrahydrate, 0.1%(w/v) 
polyvinyl alcohol in 1 M HCl] ????ATP????????????????????
????????????????????1??? 50 µl? 34% (w/v) sodium citrate 
dihydrate??????????????96-well micro plate reader (Bio-Rad)????
655nm??????????????????????????????  
 
2-2-7? ?????????????????????????? 
RAD51??? RAD51???????Superdex 200 HR 10/30(GE Healthcare Bio-
science)??????????????? [20 mM HEPES-NaOH (pH 7.5), 200 mM NaCl, 
0.1 mM EDTA, 2 mM 2-mercaptoethanol, 10% glycerol] ???????????????
????????? 0.3 ml/min?????? 
 
2-2-8? ??? DNA unwinding??????????????????? 
RAD51???RAD51?????? 20 µM ?X174???DNA???10 µl??
??  [26 mM HEPES-NaOH (pH 7.5), 45 mM NaCl, 0.03 mM EDTA, 0.6 mM 2-
mercaptoethanol, 3% glycerol, 1 mM MgCl2, 1 mM DTT, 1 mM  ATP, 0.1 mg/ml BSA] ??
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????23?? 30 ??????????? 10 unit?wheat germ topoisomerase I 
(promega)?????? 23?? 1 ????????1% SDS? 19.7 mg/ml Proteinase K 
(Roche)????? 1 µl?????23 ?? 20 ??????????????????
???????3 µg/ml? chloroquine ??? 0.8%????????????60 V??
??? 3 ???????????0.5 µg/ml?EtBr????DNA??????????
??????1?TAE [40 mM Tris-acetate, 1 mM EDTA] ????? 
 
2-2-9? strand  exchange????????????????? 
RAD51 ???RAD51 ???????20 µM ?X174 ??DNA?? 10 µl ????? 
[20 mM HEPES-NaOH (pH 7.5), 1 mM MgCl2, 1 mM DTT, 1 mM  ATP, 0.1 mg/ml BSA, 20 
mM creatine phosphate, 75 µg/ml cratine kinase] ??????37 ?? 10????????
?? 2 µM RPA??????? 10 ?????????PstI???????????
X174???DNA(20 µM)????37 ?? 60????????????1% SDS? 19.7 
mg/ml Proteinase K (Roche)????? 1 µl?????37 ?? 20??????????
????????????????1%??????????? 50 V????? 4 ?
??????????SYBR gold (Invitorogen)????DNA????????????
????1?TAE [40 mM Tris-acetate, 1 mM EDTA] ????? 
 
2-2-10? ???????? RAD51-DNA?????? 
RAD51 ??? RAD51-K313Q ? pUC119 II DNA ??????? [20 mM 
triethanolamine, 1 mM Mg-acetate, 1 mM ATPγS] ??????37 ?? 10???????? 
????????????????????????????2%?????
?????????????????????? (JEOL JEM200FX)?????? 
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2-3? RAD51-R150Q?????????????? 
2-3-1? RAD51-R150Q??? 
RAD51 ???????? RAD51-R150Q ?????????????RAD51-
R150Q ???????????????????????? RAD51 ???????
???????????????????????????(? 4A)?  
pET-15b ????? RAD51-R150Q ???????????????????
???? His6 ???? RAD51-R150Q ???????His6 ???????????
Ni-NTA??????????????His6??? thrombin protease???????? 
??????????????????? MonoQ ???????????????
RAD51-R150Q ??????????15% SDS-PAGE ?????????? RAD51-
R150Q ?????????????????????????(? 4B)???????
??????????????? RAD51-R150Q????????? 
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2-3-2? RAD51-R150Q? DNA??????? 
??? RAD51 ?????????? DNA ???????????????
???????????????????RAD51-R150Q ????????? DNA ?
????????????????????????????? DNA ??????
??????????????????????? DNA ????????????
??????????? DNA ?????????????????????RAD51-
R150Q???? RAD51 ????????????? DNA ????????????
?????(? 5A)??? RAD51-R150Q ? DNA ????????????????
????? 5 ? B ????????????????????? RAD51-R150Q ??
? DNA ?????????? RAD51 ??? DNA ???????????????
??????????? RAD51-R150Q ??? DNA ????????? RAD51 ??
??????????????????(? 5B)??????? DNA ???????
??RAD51-R150Q ???? DNA ?????????? RAD51 ?????????
????(? 5C)?????RAD51-R150Q ???? DNA ????????? RAD51
???????????????????? 
 
2-3-3? RAD51-R150Q??? DNA?????? DNA??????????? 
??? RAD51???? DNA?????? DNA?????????????
DNA??????????(? 6A)?????????????(200 mM NaCl)???
?????? RAD51??? DNA????????????????(? 6B)????
RAD51-R150Q ?????????????? DNA ?????????? DNA ??
???????(? 6A,B)??????RAD51-R150Q???? RAD51 ???????
???(45 mM NaCl)?????????? DNA??????????????????
?? DNA???????????????????? 
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??? 2-3-2????????RAD51-R150Q? DNA???????? RAD51???
??????????? RAD51????????????????????????
??????????????????????????? DNA ????????
?????????????? 
 
2-3-4? RAD51-R150Q? ATP????????? 
RAD51 ? ATP ??????????????? DNA???? DNA ????
???? NaCl (1.5 M)?????????????ATP ?????????????
????????? RAD51? ATP?????????????????? RAD51?
DNA ????????????????????RAD51-R150Q ? DNA ?????
???????????DNA ?????? RAD51 ? ATP ????????????
????????????RAD51-R150Q ? ATP ????????????ATP ??
???????????????????????????????? ATP ????
??????????????????????????????????????
??? ATP ???????ATP ?????????????????????????
RAD51-R150Q ???????? DNA???? DNA ?????????????
ATP ??????????????(? 7A,B,C)?????????????????
????? RAD51?????????????RAD51-R150Q? ATP???????
??????????????????????? 
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2-3-5 RAD51-R150Q?????????? 
RAD51 ??????????????DNA ???????????????
??????????????? RAD51-R150Q ????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????? 8 ? B ???????RAD51-R150Q ???
?????????????????????RAD51-R150Q ???????????
??????????????????? RAD51-R150Q ??????????
RAD51 ????????????(? 8A,B)??????? RAD51-R150Q ?????
?????? RAD51??????????????? 
 
2-3-6? RAD51-R150Q????????????? 
??? RAD51??DNA????????????????????????
??????????????????? DNA unwinding ???????(? 9A)? 
????????????????????????? DNA ???????? DNA
? RAD51 ??????????????? 1.5 ??????????????????
???????? I ???? RAD51 ???????????? DNA ???????
??RAD51 ????????????????(Form X)???????????
RAD51 ???????????????????????????????????
???????? RAD51-R150Q ??????????????????(? 9B)? 
??????????????????????RAD51-R150Q ????????
Form X????? RAD51???????? Form X???????????????
??????????????????RAD51-R150Q ??????????????
RAD51??????????????? 
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2-3-7? RAD51-R150Q??????????? 
RAD51 ???????????????????????????????
????????????? in vitro???????? strand exchange???????
????(? 10A)???????????????? DNA ????????????
?????????? DNA ?????RAD51 ??????????????????
???????? joint moleculer (jm)???????????? nicked circular(nc)??
??????????????????????????????????????
??RAD51-R150Q??????????????? strand exchange????????
?(? 10B)??????RAD51-R150Q ???? RAD51 ??????????(jm)?
?????????????????? RAD51-R150Q ?????????????
RAD51??????????????? 
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2-4? RAD51-K313Q?????????????? 
2-4-1?  RAD51-K313Q,RAD51-K313R,RAD51-K313M??? RAD51-K313E 
???????? 
RAD51-K313Q?RAD51-K313R?RAD51-K313M ??? RAD51-K313E ???
???????????????? 4 ?????????????????????
?????RAD51-K313Q?RAD51-K313R?RAD51-K313M ??? RAD51-K313E ??
????????????????? pET-15b ?????????2-2-1 ??????
??????????15% SDS-PAGE ?????????? RAD51-K313Q?RAD51-
K313R?RAD51-K313M ??? RAD51-K313E ??????????????????
??????? (? 11) ?????????????????? RAD51-K313Q?
RAD51-K313R?RAD51-K313M??? RAD51-K313E???????? 
 
2-4-2? RAD51-K313Q??????????? 
RAD51-K313Q?????????????????strand exchange ????
???????????????????????????????RAD51 ?
RAD51-K313Q???????????????????????(59)???????
??????????RAD51-K313Q????????jm?????RAD51 ????
?????????????????????(? 12A)???Ca2+???????
strand exchange ????????????RAD51-K313Q????????jm????
???RAD51 ??????????(? 12B)????RAD51-K313Q????????
?????RAD51?????????????? 
 
 35
 36
 37
2-4-3? RAD51-K313Q? DNA??????? 
 RAD51-K313Q?????????????RAD51 ?????????????
????RAD51-K313Q???DNA?????????????? 13 ?A??RAD51-
K313Q????RAD51 ??????DNA?????????????Ca2+?????
?????????????????????????RAD51 ???RAD51-K313Q
?????????????????????????(? 13B, lanes 4,8)? 
 
2-4-4? RAD51-K313Q?????????? 
RAD51-K313Q ???????????????????????????
????????RAD51-K313Q ???? RAD51 ????????????????
???????????? RAD51 ??????????(? 14A,B)???? RAD51-
K313Q ???? RAD51 ???????????????????????????
? RAD51-K313Q??????????? RAD51???????????? 
 
2-4-5? RAD51-K313Q????????????? 
RAD51-K313Q ????? RAD51 ???????????????????
??????????????????? RAD51-K313Q ????? RAD51 ???
? DNA ???????????????(? 15A)??????????????
RAD51 ????????????????????? DNA unwinding ??????
???(? 16B)??????RAD51-K313Q ???????? Form X ?????
RAD51 ????????????????????????????RAD51-K313Q
??????????????? RAD51???????????? 
 
 38
 39
 40
 41
2-4-6? RAD51-K313R, RAD51-K313M, RAD51-K313E??????????? 
RAD51-K313Q ????????????????????????????
??? 313???????? RAD51??????????????????????
(RAD51-K313R, RAD51-K313E, RAD51-K313M)?????????????????
??strand exchange ???????????(? 16A)??????RAD51-K313R ??
?? RAD51 ??RAD51-K313E ? RAD51-K313Q ????????????????
??????????????RAD51-K313M ????? RAD51 ?????????
???????? 
 
2-4-7? RAD51-K313R,RAD51-K313M,RAD51-K31K???????????? 
??? RAD51 ????????????????????????????
????????????? DNA unwinding ?????????(? 16B)??????
RAD51-K313R ???????? Form X ????????? RAD51 ???????
??????? RAD51-K313E ? RAD51-K313M ???????? Form X ??
RAD51-K313Q ?????????????????????RAD51-K313R ????
?????????? RAD51 ????????RAD51-K313E ? RAD51-K313M ??
??????????RAD51-K313Q??????????????????????
????????????????????????? 
 
 42
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? 3?? ????????? RAD51????? 
3-1? ?? 
RAD51 ??????????????? DT40 ?????????????
???????RAD51 ?????????????????????(64)?? 1 ? 1-4
??????????????????????? RAD51????????????
???????????? 2 ???????????????RAD51 ???????
?? RAD51?????????????????????????????????
???????????RAD51????????????????????RAD51 ?
??????????????????????????????????????
?????????????RAD51 ??????????????????????
???????????????????????????????????????
RAD51 ???????????????????????????????????
??????????????????????????????????????
?????????????185 ??????????????RAD51 ??????
???????????????????????????? 
 
3-2? ????? 
3-2-1? ????????????  
??????? 185 ??????????????????????????
???????????????????(? 1)? 
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3-2-2? DNA 
??????????ATP?????????strand exchange???????
? 2 ? 2-2-4 ????????DNA?????D-loop??????????? 50 mer
???????????????????????DNA?????50 mer???DNA
????5’- GGA ATT CGG TAT TCC CAG GCG GTC TCC CAT CCA AGT ACT AAC CGA 
GCC CT-3’????????DNA? 5’????T4 polynucleotide kinase ?New England 
Biolabs??[?-32P]ATP?????????pB5Sarray DNA??pBlueScript ?SK(+) ?
??????? 5S rRNA?????????????DNA???????DNA???
?????????????????????? 
 
3-2-3? strand exchange????????????????? 
??????????????RAD51 ? 20 µM ?X174 ??DNA?? 10 µl 
????? [26 mM HEPES-NaOH  (pH 7.5), 45 mM NaCl, 0.03 mM EDTA, 0.6 mM 2-
mercaptoethanol, 3% glycerol, 1 mM MgCl2, 1 mM DTT, 1 mM  ATP, 0.1 mg/ml BSA, 2 mM 
CaCl2, 20 mM creatine phosphate, 75 µg/ml cratine kinase]??????37 ?? 10????
?????? 2 µM RPA??????? 10 ?????????PstI????????
???X174???DNA (20 µM)????37 ?? 60????????????1% SDS
? 19.7 mg/ml Proteinase K????? 1 µl?????37 ?? 20??????????
????????????????1%??????????? 50 V????? 4 ?
??????????SYBR gold????DNA????????????????1?
TAE [40 mM Tris-acetate, 1 mM EDTA]????? 
32P????????X174 ???DNA????strand exchange???????
???????????????????????????????FLA-7000 ???
?DNA?????????? 
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3-2-4? D-loop????????????????? 
RAD51?DIDS??????? [22 mM HEPES-NaOH  (pH 7.5), 15 mM NaCl, 
0.01 mM EDTA, 0.2 mM 2-mercaptoethanol, 1% glycerol, 1 mM MgCl2, 1 mM DTT, 2 mM  
AMPPNP, 0.1 mg/ml BSA]???????37?? 5?????????????????
32P??????? 50mer???DNA??????? 37?? 5 ????????
pB5Sarray ???DNA? 9 mM MgCl2??????????????????????
??????37?? 30????????????1% SDS? 19.7 mg/ml Proteinase K?
???? 1 µl?????37 ?? 15 ??????????????????????
???1%??????????? 50 V????? 2.5??????????????
???????????????????????FLA-7000????DNA?????
???????????????1?TAE [40 mM Tris-acetate, 1 mM EDTA]????? 
 
3-2-5? ???????????????????? 
RAD51?DIDS???????????Biacore T100 (GE Healthcare Biosciences)
???????RAD51 ?CM5 ????????????????????????
??????????????????????????????????????
??????????10 mM NaOAc (pH 4.7) ?????RAD51 (30 µg/ml) 100 µl??
????????????? 20000 response units (RU)?RAD51???????????
RAD51 ?????????????????ethanolamine?????????????
1.25, 2.5, 5, 10, 20 µM?DIDS?????? 30 µl/min ? 1???RAD51???????
???????????????????Running buffer???20 mM HEPES-NaOH 
(pH 7.5)? 1mM DTT?????????????????????????????
?????????????????Biacore T100 Evaluation software (GE Healthcare 
Biosciences)?????????? (ka)??????? (kb)??????? (KD)???
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??? 
 
3-2-6? ?????????????????????????? 
RAD51 ????RAD51? DIDS ?????? 37 ?? 10?????????
?????? Superdex 200 HR 10/30??????????????? [20 mM HEPES-
NaOH (pH 7.5), 200 mM NaCl, 0.1 mM EDTA, 2 mM 2-mercaptoethanol, 10% glycerol] ??
????????????????????? 0.5 ml/min?????? 
 
3-2-7? ???????????? DNA??????? 
RAD51??40 µM?X 174??DNA??? 10 µM?X174???DNA???10 
µl???? [24 mM HEPES-NaOH  (pH 7.5), 30 mM NaCl, 0.03 mM EDTA, 0.4 mM 2-
mercaptoethanol, 2% glycerol, 1 mM MgCl2, 1 mM DTT, 1 mM  ATP, 0.1 mg/ml BSA, 2 mM 
CaCl2, 20 mM creatine phosphate, 75 µg/ml cratine kinase]??????37 ?? 15????
????????????0.8% ????????????50 V????? 2????
???????0.5 µg/ml?EtBr????DNA????????????????1?
TAE [40 mM Tris-acetate, 1 mM EDTA]????? 
DIDS?????RPA???DNA???????DIDS????RPA? 40 µM?
X 174??DNA???10 µl???? [20 mM HEPES-NaOH (pH 7.5), 10 mM KCl, 1 mM 
MgCl2, 2% glycerol, 1.2 mM DTT, 0.1 mg/ml BSA]??????37 ?? 15??????
?? 
 
 
 
3-2-8? ???????????? ATP????????? 
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? 2? 2-2-6????????????????? 
 
3-3? ?? 
3-3-1? strand exchange???????????????? 
?????????????????????? 185 ???????????
RAD51 ??????????????????????????????????
strand exchange?????????????????(? 17A)??????? 185??
????? 5%????????????????????????RAD51 ????
???????????????(? 17B)??????????RAD51 ??????
???????joint molecule (jm)???????nicked circular (nc) ????????
5%????????nc??????????jm??????????????????
?? 185 ???????????????strand exchange???????????(? 
18A)?RAD51 ????????????????? 4,4’-diisothiocyanostilbene-2,2’-
disulfonic acid (??DIDS??)?????(? 18B, ? 1 #137)?DIDS?Cl??????
??????????????????RAD51 ????????????????
(65)? 
 
3-3-2? DIDS??? RAD51?????????????? 
strand exchange???????????????????RAD51??????
??????????? DIDS ???????? DIDS ?????????strand 
exchange ????????(? 19A,B)??????DIDS ??????? RAD51 ??
?????????????????????? DIDS ???? 10 µM ???RAD51
????????(jm)???????????? 
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 52
???RAD51??????(0.2 M KCl???)???????????????????
??? DIDS???? 10 µM???? RAD51?????????????(? 19C,D)? 
???DIDS???????????DIDS????????????????
??????????32P??????????DNA????strand exchange????
???????(? 20A,B,C)???????????32P??????????DNA?
???????????DNA??????jm?????????DIDS???????
????3 ??[RAD51 ???DNA??????? (? 20A,B)?RAD51 ???DNA?
?????? (? 20C,D)????DNA??????? (? 20E,F)]  ???????
???????????????DIDS?RAD51 ????????????????
???????? 
 
3-3-3? DIDS??? RAD51?????????????? 
DIDS ??RAD51 ???????????????????????????
????????????????? DNA ???? DNA ????????????
????????????DIDS ? RAD51 ???????????????????
???????D-loop ????????(? 21A)?D-loop ????????????
?? in vitro ???????????????????????DIDS ???????
????????????????(? 21B,C)? 
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3-3-4? DIDS? RAD51?????????? 
????????????DIDS?RAD51 ??????????????
RAD51?????????????????1.25, 2.5, 5, 10, 20 µM?DIDS?????
????????????DIDS?RAD51 ????????????(? 22)?Biacore 
T100 Evaluation Software??????????ka?????????kd???????
?????? 1?103 M-1s-1? 2?10-3 s-1???????KD? 2 µM????? 
 
3-3-5? DIDS??? RAD51????????? 
DIDS? RAD51?????????????????????DIDS? RAD51
??????????????????????????????????????
????????(? 23)??????RAD51???????????????RAD51
? DIDS ????????????????RAD51 ???????????????
???????DIDS? RAD51???????????????????? 
 
3-3-6? DIDS??? RAD51? DNA???????? 
DIDS ? RAD51 ?????????????????? RAD51 ??????
?????????????????????????? DIDS ? RAD51 ? DNA ?
??????????????????????????????????????
???DIDS ? RAD51 ????????? DNA ????????????????
????(? 24A,B)?????? DIDS ??? RAD51 ? DNA ???????????
?? ATP ??????? AMPPNP ? ATPγS ??????????????????
???????(? 24C,D)?????DIDS ? RPA ??? DNA ??????????
?????????????(? 24E)? 
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3-3-7? DIDS??? RAD51? ATP?????????? 
2-3-4 ????????????RAD51 ?????????? DNA ????
??? ATP ?????????????????????????????????
???????????????? DNA???????? 10 µM DIDS??????
RAD51? ATP????????????(? 25A)?????? DNA???? RAD51
??? ATP ????????????DIDS ??????? RAD51 ? ATP ????
???????(? 25B)?????????RAD51 ??? DNA ??????????
DIDS???????????????????????????? 
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? 4?? ???? 
4-1? ?? RAD51?????????????????? 
4-1-1? RAD51-R150Q????????? 
???????? RAD51 ?????????? DNA ??????????
??????????????RAD51-R150Q?????? bilatelal breast cancer ??
2 ???????? RAD51 ??????????????????????????
??????? RAD51-R150Q ????????????????????RAD51-
R150Q ??????????????????????????RAD51-R150Q ??
??????? DNA???????????????? RAD51?????????
???????????? DNA ???????????RAD51-R150Q ? DNA ??
????????????? DNA ?????????RAD51 ? ATP ???????
??????????????????????????????????????
?????????ATP ?????????????????? DNA ??????
??????RAD51-R150Q ? ATP ??????????????????????
??????????????? DNA ????????DNA ??????????
???? RAD51-R150Q??? DNA??????????????????????
??????? RAD51-R150Q???? DNA??????????????????
????????????????????????? RAD51????????? 
RAD51-R150Q ? DNA ?????????? RAD51 ???????????
?????????????????????????? DNA ?????????
?????????RAD51 ????? DNA ??????(initial binding)??RAD51
?????????? DNA??????(secondary binding)? 2?? DNA?????
??????????????????? initial binding ?????????????
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?????? DNA unwinding????? strand exchange????? secondary binding
????????????????????????????RAD51-R150Q ? DNA
??????????????????????????????????????
??????????????????? RAD51-R150Q ??DNA ???? initial 
binding????????????secondary binding????????????? 
RAD51-R150Q ????????? RAD51 ???????????? RAD51-
R150Q ? RAD51 ??????????????????????????????
??????????????????????????????????????
? RAD51-R150Q??? DNA?????????bilatelal breast cancer???????
??????????????RAD51 ??????????? RadA ???????
???????????? RAD51 ???????????Arg150 ??? Tyr178 ??
????????????????????????(? 26A,B)????????
Arg150 ???????Arg150 ??? Tyr178 ???????????????RAD51
????????????????????????????????RAD51 ?
DNA????????????????????????????????? 
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4-2-1 RAD51-K313Q????????? 
??RAD51?????????????????313???????????
????????????(RAD51-K313Q)???????????????????
?????????????RAD51-K313Q???????????????????
??????????RAD51-K313Q???????????????????????
RAD51 ?????????????????strand exchange????????????
?????????????????????????Sigurdsson??????
RAD51-K313Q???????????????(59)?????Ca2+???????
strand exchange??????????RAD51-K313Q???????????????
???????Ca2+?????RAD51 ?ATP?????????????????
RAD51-ATP-??DNA?????????????ADP???RAD51 ???????
????????????(62)???DNA????????Ca2+????RAD51 ??
??????????????????????????Ca2+??????????
?????RAD51 ???RAD51-K313Q????????????????????
???????????????????RAD51-K313Q????RAD51 ?????
??????????????????????????????????????
???????????????????DNA unwinding?????????????
???????????????????????????RAD51-K313Q?????
??????????????????????????????????????
RAD51-K313Q??????????????????RAD51 ??????????
??????????????????????????????? 
?????????RAD51 ?RAD51-K313Q???????313 ??????
RAD51 ????????monomer-monomer???????????????????
?????????????? 313 ????????????????????(??
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R???Arg)??????????????(??M???Met)??????????
?????(??E???Glu)???????????RAD51-K313R?RAD51-K313M
???RAD51-K313E???????????????????Arg????????
??313 ??????????????????????????????????
??????????Met???Glu?????????????????313 ???
??????????????????????????????????????
???????????Ca2+???????strand exchange? ???????????
????RAD51-K313E???RAD51-K313M??????????RAD51-K313Q??
?????RAD51 ?????????????????RAD51-K313R????
RAD51 ?????????????????????RAD51-K313R?RAD51-K313M
??? RAD51-K313E?????????????????????DNA unwinding?
?????????????RAD51-K313E???RAD51-K313M?RAD51-K313Q??
???????RAD51-K313R????RAD51 ?????????????????
????????????????RAD51 ????????(RAD51-K313Q, RAD51-
K313E, RAD51-K313M)????????????????????????????
?????RAD51 ???????????(RAD51-K313R)????????????
????????????????????????????RAD51 ? 313 ????
??positive charge(K, R)????????????????????????????
?????????????????????????????RadA???????
??(63)????RAD51 ???????????????313 ??????RAD51 ?
???????????RAD51 ????????????????????????
?(? 27A,B)???? 313 ?????????positive charge????????RAD51
????????????????????????????????????313
?????????RAD51 ??????????????????????RAD51
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?????????monomer-monomer?????????????????????
?????RAD51 ?DNA????????????????????313 ?????
?monomer-monomer interface?????????????????????????
??????????????RAD51 ????????????X????????
????????????? 
?????????????????????????????? RAD51 ?
???????????????????????????????????????
?????????? RAD51-K313Q ?????????????????????
??????????????????????????????????????
????????????313 ????????????????????????
???????????????????????? 
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4-2? RAD51???????????????? 
??????????????RAD51????????????????? 1
? 1-3 ????????????179 ???????? 30%????RAD51 ????
??????????????????? 66%?RAD51 ?????????????
??????RAD51 ?????????????????????????????
RAD51 ???????????????????????????????????
???RAD51 ????????????????????????????????
???????????????????RAD51 ????????????????
??????????????????????????????????????
??????????RAD51 ???????????????????????185
??????????????RAD51 ?????????????????????
?????????strand exchange????????????????RAD51 ???
???????????????????????DIDS??????DIDS??Cl??
??????????????????????RAD51 ?????????????
????DIDS????????strand exchange????????????DIDS ???
????RAD51 ??????????????????DIDS 10 µM???????
RAD51 ???????????????????????????????????
??????????????????DIDS???????????DIDS?RAD51
??????????????????????????????????????
?DIDS?????????RAD51 ?DNA???????????????RAD51 ?
??????????????????????????????????????
???????????????????????DIDS?RAD51 ????????
??????????????DIDS?????RAD51 ?????????????
?????????????????????DIDS?RAD51 ??????????
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?????????????????????RAD51 ?????????BRCA2 ?
??BRC repeat???RAD51 ?????repea??????????repeat?????
?????BRC4 ??????RAD51 ???????monomer-monomer interface??
?????RAD51 ???????????????????(66,67,68,69)?????
??DIDS??BRC4 ????????????RAD51 ?????????????
DIDS?RAD51 ?????????BRCA4 ???????????????????
?????DIDS?????RAD51 ?DNA???????????????DIDS?
RAD51 ?????????DNA??????????????????????
DNA??????DIDS 10 µM?RAD51 ?DNA??????????????ATP?
???????????DIDS?DNA?????????RAD51?ATP???????
???????????????DNA???ATP??????????DIDS????
????????????????RAD51 ? DNA??????????DIDS???
??????????????????????????????????DIDS?
RAD51 ?????????????????DNA???????????????
RAD51?DNA?????????????????????????????RAD51
??????????DNA binding site????????????1 ????DNA??
?????????????????DNA????RAD51 ?????????initial 
binding site????????2?????????????????????DNA??
????DNA ???????????????RAD51 ?????????secondary 
binding site????????DNA????????DIDS?RAD51 ???DNA???
????????DNA????????????????????????????
????DIDS??RAD51?secondary binding site ????????????????
RAD51 ?????????DIDS????????????????????????
RAD51 ???????DNA?????RAD51 ???????DIDS?????????
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?????????????????????????????????????? 
DIDS?Cl???????????????????????????????
??????????????????????DIDS?RAD51 ?????????
??????????RAD51 ??????????????????????????
??????DIDS?????????????????????????DIDS??
????????????????RAD51 ???????????????????
??????????????????????DIDS?????RAD51 ?????
????????? (data not shown)???????DIDS?RAD51 ????????
????????????RAD51 ???????????????????????
??? 
Jayathilaka ???RAD51 ??????????????????? 3-
[(benzylamino)sulfonyl]-4-bromo-N-(4-bromophenyl) benzamide (?? RS-1 ??)????
???(70)?RS-1 ? DIDS ???? RAD51 ?????????DIDS ? RAD51 ?
DNA???????????????RS-1? RAD51?DNA???????????
DIDS??? RS-1??RAD51?????????????????????????
???????????????RAD51 ????????????????????
?????? RAD51???????????????????? 
 
4-3? ????? 
??????RAD51 ??????????? RAD51-R150Q ??? RAD51-
K313Q ????? RAD51 ???????????????????????????
??????????????????RAD51???? SNP???????????
?????????????????????RAD51-R150Q ??????DNA ??
??????????????????? bilatelal breast cancer??????????
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?????????? bilatelal breast cancer????????? 1?????????
??RAD51-K313Q??????????????????????????????
??????????????????????????????????????
???????????????RAD51-K313Q?????????????????
??????????????????????????????????????
?? RAD51-K313Q ?????????????????????????????
?????? RAD51 ?????????????????????????????
?????????????????? 2?? RAD51??????????????
?????????????????RAD51-R150Q ???? RAD51-K313Q ????
??????????????????????????????????? 
????????????????? RAD51 ??????????????
?????????????RAD51 ??????????????????????
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